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crude slag based complex
flocculants by two-step acid leaching process:
synthesis, flocculation and mechanisms

Haoqi Pan, Chenxu Sun, Tingting Shen, * Jing Sun,* Shaocang He, Tianpeng Li
and Xuqian Lu

Coal gasification crude slag (CGCS) is the side-product of the coal gasification process, and its effective

utilization has attracted great attention. A novel flocculant of poly-aluminum-ferric-acetate-chloride

(PAFAC) was synthesized based on the recovery of CGCS by a two-step acid leaching process, namely

HCl-acid leaching and HAc-acid leaching, which was optimized by an acid leaching liquor volume ratio

of HCl to HAc of 3 : 2, polymerization pH of 3.5, and reaction temperature and time of 70 °C and 3.0 h,

respectively. The performance of PAFAC was further evaluated by kaolin simulated wastewater, domestic

sewage, river water, and aquaculture wastewater. The results revealed that PAFAC was feasible for the

removal of turbidity, chemical oxygen demand (COD) and total phosphorus (TP). Moreover, PAFAC was

characterized by X-ray Diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray

fluorescence spectrometry (XRF) and scanning electron microscopy (SEM), which proved that PAFAC

was a kind of amorphous polyionic composite. Additionally, the acid leaching kinetics and flocculation

mechanisms were further investigated. It was found that the acid leaching process was followed by the

unreacted shrinkage core model, and the flocculation process was dominated by charge neutralization,

adsorption bridging and precipitation net trapping. The work is expected to develop a new method for

the safe disposal of CGCS and provide a novel way for the preparation of Fe–Al composite flocculants,

especially, offering a potential strategy for the promotion of the additional value of the coal chemical

industry.
1. Introduction

Historically, coal has been China's primary source of energy due
to the country's wealthy coal resources and lack of abundant oil
and gas. It is foreseeable that the use of coal will continue to
dominate China's energy structure for many years to come.1,2 In
2021, China's raw coal production increased by 5.7% over the
previous year, reaching a total of 4.13 billion tons. Furthermore,
the country's coal consumption saw a rise of 4.6%.3 Therefore,
the efficient and clean utilization of coal is particularly impor-
tant. Coal gasication is one of the core technologies for the
efficient and clean utilization of coal,4 and it is also the basis for
the synthesis of many chemical products, such as the synthesis
of methane,5 methanol6 and dimethyl ether.7 The coal gasi-
cation process generates a solid waste, known as coal gasica-
tion slag including coal gasication crude slag (CGCS) and coal
gasication ne slag (CGFS). It is reported that large quantities
of coal gasication slag are discharged each year,8 while its
primary disposal methods are landlling and stacking,9 which
ineering, Qilu University of Technology

353, P. R. China. E-mail: shentingting@

the Royal Society of Chemistry
will lead to signicant waste of land resources, and result in
dust10 and heavy metal11 pollution, seriously harming the
ecological environment and endangering human life. Thus,
nding a practical solution for the disposal of coal gasication
slag and its clean and efficient utilization is a challenge that
ought to be addressed and developed in the future.

At present, the resource utilization of coal gasication slag is
mainly focused on the following aspects: (1) production of
building materials (e.g. wall material,12 mixed cement,10 aggre-
gates,13 pavement base materials14); (2) soil improvement (e.g.
microbial diversity,15 soil conditioner,16 modication the
structure of sand for planting17); (3) water remediation (e.g.
zeolites,18,19 adsorbent,20 occulants21); (4) other uses (e.g.
plastic llers,22 cyclic mixing combustion,2 hydrogen produc-
tion,23 CO2 adsorption24).

As well known, occulation has been widely used for the
treatment of drinking water, domestic sewage and industrial
wastewater,25,26 and occulants play a great role in the occu-
lation process. Compared to low molecular weight occulants,
polymer occulants have the advantages of low dosage, fast
settling, large ocs and insensitivity to pH in wastewater treat-
ment, so polymer occulants are currently more widely used in
the water treatment process.25 Polymer occulants are mainly
RSC Adv., 2024, 14, 2705–2719 | 2705

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07232k&domain=pdf&date_stamp=2024-01-16
http://orcid.org/0009-0003-6066-3615
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07232k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014004


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 5

:2
3:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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made from expensive chemicals, so the use of solid waste to
prepare polymer occulants is an economical and environ-
mentally friendly path. For example, the application of red mud
was challenging due to its complex composition, large specic
surface area and high alkalinity.27 Cheng et al.28 prepared
polymeric aluminum ferric chloride (PAFC) using acid leaching
liquor of hydrochloric acid from red mud. Zhang et al.29 mainly
investigated the effect of the Al/Fe ratio of PAFC and alkalinity
in the acid leaching liquor of y ash, which resulted in 96.1%
removal efficiency for SS and 91.5% for oil and grease. Recently,
coal gasication slag was developed to prepare occulants due
to the abundant compositions of Al2O3 and Fe2O3. He et al.21

developed a one-step acid leaching process using HCl to extract
the active components from CGCS and achieved a series of
multi-ionic composite coagulants, which showed great coagu-
lation efficiency for the treatment of kaolin simulated waste-
water and domestic sewage. However, it was found that the
leaching efficiency of CGCS was only about 65%, inhibiting the
effective recovery of CGCS. Thus, nding a practical solution for
the disposal of coal gasication slag and its clean and efficient
utilization is a challenge that ought to be addressed and
developed in the future.

It can be seen from the above research that the acid leaching
method has a wide range of applications in the study of
preparing occulants from various minerals and solid wastes.
However, the shortcomings of the one-step acid method lead to
limited acid leaching efficiency, and the occulation capacity
cannot meet high application requirements. Additionally, the
addition of chemical agents to modify the occulant compound
is not cost-effective. Therefore, some studies have explored the
preparation of composite occulants using a two-step acid
leaching method involving HCl and H2SO4,30 but there are few
studies on HCl and HAc. Moreover, HAc is a more environ-
mentally friendly and cheaper acid compared to strong acids. In
particular, HAc has a good effect on the leaching of iron, but its
leaching ability for aluminum is weak.31 This weakness allows it
to play an advantage in adjusting the ratio of iron to aluminum
on a macro level. It is expected to provide a potential way to
prepare occulants through the acid leaching process of solid
waste recovery.

Therefore, in this work, a two-step acid leaching process,
namely HCl-acid leaching and HAc-acid leaching, were initiated
to extract effective ingredients from CGCS to overcome the
shortcomings of the limited leaching efficiency. Firstly, the
Table 1 Relevant water quality indexes used in this work

Items

Pollutant concentration

Turbidity (NTU) CO

Kaolin wastewater 958.40 n.d
Domestic sewage 118.52 48
River water 120.20 28
Aquaculture wastewater 4220 72

a n.d. indicates not detected.

2706 | RSC Adv., 2024, 14, 2705–2719
processes were optimized by the acid concentration, acid
leaching temperature, acid leaching time, and the liquid–solid
ratio of acid to CGCS, respectively. Secondly, the two kinds of
leaching liquor were mixed under optimal conditions, aer
a period of aging and drying, forming the occulant of poly-
aluminum-ferric-acetate-chloride (PAFAC). Thirdly, the perfor-
mance of PAFAC was further evaluated by kaolin simulated
wastewater, domestic sewage, river water, and aquaculture
wastewater with the removal of turbidity, chemical oxygen
demand (COD) and total phosphorus (TP). Moreover, PAFAC
was characterized by X-ray Diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), X-ray uorescence spectrometer
(XRF) and scanning electron microscope (SEM). In addition, the
acid leaching kinetics and occulation mechanisms were
further investigated. It is expected to propose a low-cost and
high-value method of utilizing CGCS, and offer an environ-
mentally friendly way for the preparation of inorganic polymer
occulants.

2. Materials and methods
2.1 Materials

Hydrochloric acid (HCl) was purchased from Yantai Yuandong
Fine Chemicals Co., Ltd (China), sodium hydroxide (NaOH) was
purchased from Foshan Xilong Chemical Co., Ltd (China),
glacial acetic acid (HAc) and kaolin were both purchased from
Sinopharm Chemical Reagent Co., Ltd (China). The CGCS used
in this study was provided free of charge by Yankuang National
Engineering Research Center of Coal Water Slurry Gasication
and Coal Chemical Industry Co., Ltd, (Shandong, China). All
reagents were analytically pure and did not require further
treatment. All solutions were prepared with deionized water.

The domestic sewage and riverwater were provided by the
reclaimed water station and Dacheng River located at Qilu
University of Technology (Shandong, China), and the aquacul-
ture wastewater was offered by a cow pasture (Shandong,
China). The relevant water quality indexes are shown in Table 1.

2.2 Preparation of PAFAC

PAFAC was prepared according to the following three steps:
HCl-acid leaching process, HAc-acid leaching process and the
associative polymerization, which was carried out by a mixture
of the leaching liquor of HCl and HAc acid leaching process.
The entire process is shown in Fig. 1.
D (mg L−1) NH3–N (mg L−1) TP (mg L−1)

.a n.d. n.d.
1.20 87.72 2.85
0.60 87.61 3.10
80 165.2 77.76

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The process of PAFAC preparation from CGCS.
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2.2.1 HCl-acid leaching process. In a 500 mL beaker, CGCS
and HCl solution of a certain concentration (1.0, 2.0, 3.0, 4.0,
5.0 mol L−1) were added at a certain liquid–solid ratio (mL : g)
(5 : 1, 10 : 1, 15 : 1, 20 : 1, 25 : 1). The beaker was sealed with
paralm, put in a thermostat water bath (DF-101S, Gongyi City
Yuhua Instrument Co., Ltd, China), and stirred at a set
temperature (20, 30, 40, 50, 60 °C) for a period of time (0.5, 1.0,
1.5, 2.0, 2.5 h). It was then ltered and separated by a vacuum
lter (SHK-III, Zhengzhou Ketai Laboratory Equipment Co., Ltd,
China), and the HCl-leaching liquor was obtained for the
preparation of PAFAC. The ltrate residue was repeatedly rinsed
with deionized water and then dried and weighed for calcu-
lating the leaching rate.

2.2.2 HAc-acid leaching process. In a 500 mL beaker, CGCS
and HAc solution of a certain concentration (2.0, 3.0, 4.0, 5.0,
6.0 mol L−1) were added at a certain liquid–solid ratio (mL : g)
(5 : 1, 10 : 1, 15 : 1, 20 : 1, 25 : 1), and the beaker was sealed with
paralm, put in a thermostat water bath, and stirred at a set
temperature (20, 30, 40, 50, 60 °C) for a period of time (0.5, 1.0,
1.5, 2.0, 2.5 h). Aerward, it was ltered and separated by
a vacuum lter, and the HAc-leaching liquor was obtained for
the preparation of PAFAC. The ltrate residue was repeatedly
rinsed with deionized water then dried and weighed, and was
used for calculating the leaching rate.

2.2.3 Associative polymerization. The HCl-leaching liquor
and the HAc-leaching liquor were mixed according to a certain
volume ratio (5 : 1, 3 : 1, 2 : 1, 3 : 2, 1 : 1, 2 : 3), and the pH was
adjusted to a certain value (2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0) with
NaOH solution. Then heated and stirred at a set temperature
(50, 60, 70, 80, 90 °C) for a period of time (1.0, 2.0, 3.0, 4.0, 5.0
h). Aer the reaction was completed, the mixture solution was
aged for 24 h, then dried in a constant temperature drying oven
to synthesize PAFAC, which was ground into powder for use.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3 Performance investigations on PAFAC

2.3.1 Flocculation process. Flocculation experiments
were conducted on a occulation mixer (MY3000-6, Wuhan
Meiyu Instrument Co., Ltd, China). 200 mL of simulated
wastewater or actual wastewater was taken into a beaker, the
occulant was added and then stirred. The occulation
process was set as follows: rst, rapid stirring at 250 rpm for
30 s, then slow stirring at 60 rpm for 20 min, and standing for
15 min. The treatment efficiency of turbidity, COD, NH3–N
and TP were used to evaluate the performance of PAFAC. The
supernatant was taken below 2 cm form the surface of the
water and detected for turbidity with a turbidimeter (WGZ-3,
Shanghai Xinrui Instruments & Meters Co., Ltd). NH3–N, TP
and COD were measured according to “Determination of
ammonia nitrogen in water quality nano reagent spectro-
photometric method” (HJ 535-2009), “Determination of TP in
water quality ammonium molybdate spectrophotometric
method” (GB 11893-89), and “Determination of chemical
oxygen demand in water quality potassium dichromate
method” (HJ 827-2017), respectively. Each experiment was
repeated triply and the results were averaged. The leaching
efficiency and removal rate (h) was calculated according to
eqn (1).

h ¼ d0 � d1

d0
� 100% (1)

where h (%) is the leaching rate of HCl solution and HAc
solution on CGCS or the removal rate of turbidity, COD, NH3–N,
TP; d0 is the mass of the initial CGCS (g) or the initial concen-
tration of turbidity (NTU), COD (mg L−1), NH3–N (mg L−1) and
TP (mg L−1); d1 is the mass of CGCS aer acid leaching (g) or the
concentration of turbidity (NTU), COD (mg L−1), NH3–N
(mg L−1) and TP (mg L−1) aer treatment.
RSC Adv., 2024, 14, 2705–2719 | 2707
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From the perspective of cost and operation efficiency, the
occulation process was carried out directly under the initial
pH of riverwater, domestic sewage and aquaculture wastewater,
and the dosage of PAFAC was optimized, respectively. Based on
the water quality conditions, the dosage of PAFAC was set as 50,
100, 150, 200, 250, 300 mg L−1 for domestic sewage and 100,
150, 200, 250, 300, 350 mg L−1 for riverwater. As for aquaculture
wastewater, the dosage of PAFAC was selected as 2.5, 5.0, 7.5,
10.0, 12.5 g L−1.

2.3.2 Comparison of occulation efficiency. The compar-
ison of occulation efficiency was conducted in domestic
sewage with PAFAC, occulant A and B, in which occulant A
and B were prepared with HCl-leaching liquor and HAc-
leaching liquor, respectively. The dosage of the above three
occulants was set as 250 mg L−1, and turbidity, COD, TP were
introduced to evaluate the treatment efficiency. In addition, the
treatment efficiency of PAFAC was further compared with those
reported in the previous literature.

2.4 Characterization methods

XRD analysis of PAFAC was conducted on X-ray diffraction
(XRD) (D8 Advance, Bruker, Germany). The parameters were set
as follows: the test target was a copper target, the scanning
speed was 2° min−1, and the 2q was 5°–80°.

XRF analysis was performed on X-ray uorescence spec-
trometer (Axios, Panalytical, Netherlands). The CGCS needs to
be heated in a Muffle furnace (SX-G07103, Tianjin Zhonghuan
Dianlu Instrument Co., Ltd, China) at 815 °C for 1.0 h to remove
the carbon in it, and then its composition was determined. The
occulant can be measured directly in the instrument without
high temperature calcination.

FT-IR analysis was measured on Fourier transform infrared
(VERTEX70, Bruker, Germany). The sample powder was mixed
with potassium bromide in a ratio of 1 : 100, and the sample
was pressed into thin slices by a tablet press, which can
penetrate infrared light. The thin slices were placed into the
instrument for measurement. And the scanning range was
5000−1–400−1.

SEM analysis was carried out using scanning electron
microscopy (SEM) (TESCAN MIRA LMS, TESCAN, Czech
Republic). The sample powder was directly glued to the
conductive adhesive and place on the sample table for obser-
vation. Magnication was set to 3000×, 5000× and 10 000×.

2.5 Mechanisms investigation

2.5.1 Acid leaching kinetics. In the acid leaching process,
the reaction between CGCS and acid solution was mainly
a solid–liquid multiphase chemical reaction between solid
particles and acid solution, and the metal oxides in the solid
components were gradually released by acid erosion, but
insoluble minerals will eventually remain to form a loose layer.
So, its kinetic behavior could be described by the unreacted
shrinkage core model, which includes two cases: controlled by
surface chemical reaction and controlled by loose layer diffu-
sion. These were depicted as the following two equations (eqn
(2) and (3)).21,32–35
2708 | RSC Adv., 2024, 14, 2705–2719
When the acid leaching process is controlled by surface
chemical reaction, the model can be expressed as:

1 − (1 − x)1/3 = K1t (2)

When the acid leaching process is controlled by loose layer
diffusion, the model can be expressed as:

1 − 3(1 − x)2/3 + 2(1 − x) = K2t (3)

where x (%) is the leaching rate at a certain time, K1 (h
−1) and K2

(h−1) are reaction rate constants and t (h) is the reaction time.
2.5.2 Flocculation mechanisms. Charge neutralization was

investigated through zeta potential variation. The effect of
variation in the dosage of occulant on the zeta potential was
investigated. 200 mL of domestic sewage was taken into
a beaker, different doses (0, 50, 100, 150, 200, 250, 300 mg L−1)
of occulant were added and stirred, and the occulation was
completed and le for 15 min. Zeta potential was determined
using a Zetasizer Nano ZS (Malvern Zetasizer Nano ZS, Malvern
Instruments, Worcestershire, UK) at a measurement tempera-
ture of 25 °C and an equilibrium time of 30 s. The cuvette used
for zeta potential measurement was a folded capillary cuvette.
Each experiment was repeated three times and the results were
averaged over the three experimental results.

Adsorption bridging was investigated through SEM analysis
of occulants. The occulants were put into Scanning electron
microscopy (SEM) (TESCAN MIRA LMS, TESCAN, Czech
Republic) to characterize the surface structure of the occu-
lants, and SEM images were obtained to analyze the structure of
the occulants and the occulation mechanism. Magnication
was set to 3000×, 5000× and 10 000×.

The effect of precipitation net trapping was investigated
through microscope image analysis of ocs formed by adding
various dosages of PAFAC (50, 100, 150, 200, 250, 300 mg L−1) to
domestic sewage (200 mL). At the end of the occulation
process, a small amount of settled oc was taken and the
indicative morphology of the oc was observed by an optical
microscope (B32, Chongqing OPTEC Instruments, China) with
10× magnication.

The effect of variation in the pH of domestic sewage on the
occulation efficiency was investigated, which can also show
various occulation mechanisms. The pH of domestic sewage
was adjusted to 3.0, 5.0, 7.0, 9.0 and 11.0 by 1.0 mol L−1 NaOH
solution and 1.0 mol L−1 HCl solution. Then 250 mg L−1 of
PAFAC was injected into 200mL wastewater of different pH, and
the removal rates of turbidity, COD, and TP were calculated
aer the completion of occulation to explain the effect of pH of
wastewater on occulation.
3. Results and discussion
3.1 Acid leaching process investigations

As shown in Fig. 2A, when the concentration of HCl solution
was increased from 1.0 mol L−1 to 3.0 mol L−1, the leaching
efficiency was promoted from 26.74% to 85.76%. As the
concentration of acid was increased, the concentration of H+
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of various acid leaching conditions on acid leaching efficiency. (A) Acid concentration, (B) temperature, (C) time, (D) liquid–solid
ratio.
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was continuously increased, which promoted the full reaction
with the CGCS, and led to the increase of leaching efficiency.
The leaching efficiency remained essentially unchanged aer
the concentration increased to 4.0 mol L−1 and 5.0 mol L−1,
suggesting that a sufficient concentration of H+ was provided at
a concentration of 3.0 mol L−1 in the HCl solution. The leaching
efficiency increased from 25.77% to 44.32% when the concen-
tration of HAc solution was increased from 2.0 mol L−1 to
5.0 mol L−1 and the elevated concentration of H+ enhanced the
efficiency of metal elements leaching. The leaching efficiency
was almost unchanged when the concentration was increased
to 6.0 mol L−1, indicating that sufficient H+ had been provided
at the HAc solution concentration of 5.0 mol L−1. Therefore, for
acid leaching of CGCS, the concentration of HCl solution was
selected as 3.0 mol L−1 and the concentration of HAc solution
was selected as 5.0 mol L−1.

As shown in Fig. 2B, in the range of 20–40 °C, the acid
leaching efficiency of HCl and HAc solution increased from
71.07% to 85.76% and 30.70% to 44.32%, respectively, the
results indicated that the increasing temperature could improve
the efficiency of leaching metal elements from CGCS.36

However, when the temperature was raised to 50 °C, the acid
leaching efficiency of HCl and HAc solution was reduced to
68.73% and 29.83%, and at the temperature of 60 °C, the
leaching efficiency of HCl and HAc solution was similar to that
at 50 °C and also had a weak trend of decline. It was attributed
that the nal acid leaching liquor would produce colloidal
© 2024 The Author(s). Published by the Royal Society of Chemistry
substances, and wrapped in the surface of the CGCS at higher
acid leaching temperature, resulting in the difficulty of the
solid–liquid separation. On the other hand, the high tempera-
ture would make the acid leaching liquor speed up the auto-
polymerization reaction, inhibiting the leaching of metal
oxides inside CGCS.37 Therefore, considering the leaching effi-
ciency and economic benets, the optimal acid leaching
temperature of both HCl and HAc was selected as 40 °C.

In Fig. 2C, it was found that the acid leaching efficiency of
HCl solution increased from 75.28% to 85.76% in the range of
0.5 h to 1.5 h, while the leaching efficiency was almost
unchanged when the time was prolonged from 2.0 h to 2.5 h.
The acid leaching efficiency increased from 27.04% to 44.32%
when HAc acid leaching time was in the range from 0.5 h to
2.0 h. When the time was increased to 2.5 h, the leaching effi-
ciency was almost unchanged. The results showed that the acid
leaching reaction had almost reached equilibrium in 1.5 h of
HCl-leaching process and 2.0 h of HAc-leaching process, the
acid leaching reaction had almost reached equilibrium. With
the prolongation of the reaction time, the acid leaching solution
would take auto-polymerization,37 leading to the colloidal
substances attached to the remaining CGCS, and increasing the
difficulty of solid–liquid separation. Therefore, the optimal acid
leaching time of HCl and HAc was 1.5 h and 2.0 h, respectively.

In Fig. 2D, when the liquid–solid ratio increased from 5 : 1 to
15 : 1, the leaching efficiencies of HCl and HAc increased from
55.96 to 85.76% and 16.96 to 44.32%, respectively, and then
RSC Adv., 2024, 14, 2705–2719 | 2709
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stabilized aer increasing the ratio again. It could be found that
when the liquid–solid ratio reached 15 : 1, the upper limit of
acid leaching efficiency of metal elements had basically been
reached, and the H+ in the acid had already been fully utilized.36

So, the optimal liquid–solid ratios for acid leaching of both HCl
and HAc were chosen as 15 : 1.
3.2 Preparation of PAFAC

3.2.1 Effect of acid leaching liquor volume ratio of HCl to
HAc. As shown in Fig. 3A, it was found that the minimum
turbidity occurred at the dosage of PAFAC of 20 mg L−1. The
results indicated that excessive occulant might wrap the same
charge colloidal particles and repel each other, resulting in
a destabilized state.38
Fig. 3 Effect of volume ratio: (A) residual turbidity, (B) removal rate.

Fig. 4 Effect of factors on removal efficiency. (A) Polymerization pH, (B

2710 | RSC Adv., 2024, 14, 2705–2719
Fig. 3B exhibited the removal efficiency of turbidity of kaolin
wastewater by PAFAC with different volume ratios at a occulant
dosage of 20mg L−1. When the volume ratio increased from 5 : 1
to 3 : 2, the residual turbidity was reduced from 53.64 NTU to
28.66 NTU, and the removal efficiency was increased from
93.90% to 97.01%. As the HAc-leaching liquor continued to
increase, the volume ratio decreased from 3 : 2 to 2 : 3. The
residual turbidity increased to 151.91 NTU and the removal
efficiency decreased to 84.15%. The optimal volume ratio of 3 : 2
was chosen for the preparation of PAFAC.

3.2.2 Effect of polymerization pH. Fig. 4A exhibited the
effect of polymerization pH on the turbidity removal of kaolin
wastewater. When the pH was 2.0, the residual turbidity was
89.28 NTU and the removal rate was 90.68%, when the pH was
) reaction temperature, (C) reaction time.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increased to 3.5, the residual turbidity was reduced to 31.22
NTU and the removal rate was increased to 96.74%, but as the
pH was increased to 5.0, the residual turbidity was rapidly
increased to 129.75 NTU and the removal rate was rapidly
reduced to 86.46%. This was mainly because, with the increase
of pH, the OH− in the system increased, promoting Fe and Al to
polymerize into multinucleated hydroxyl complexes and modi-
fying the occulation efficiency.39 However, with the increasing
pH, the increasing OH− might lead to the precipitation of Fe
and Al, reducing the stability of the occulant.40 Therefore, the
optimal pH was selected as 3.5.

3.2.3 Effect of reaction temperature. As shown in Fig. 4B, it
could be seen that when the temperature was below 70 °C, the
removal ability of turbidity of kaolin wastewater increased
with the increase of temperature, and at 70 °C, the residual
turbidity was reduced to 33.78 NTU, and the removal rate was
increased to 96.48%. The results showed that lower tempera-
ture was not conducive to hydrolysis polymerization, and the
reaction time may be longer. Therefore, the reaction was not
fully balanced at lower reaction temperature, and the occu-
lation ability of the obtained PAFAC was weakened.41 When the
temperature was increased to 80 °C, the removal ability of
PAFAC on the turbidity of kaolin wastewater was almost
unchanged, which indicated that the equilibrium of the
hydrolysis polymerization reaction had been reached at the
reaction temperature of 70 °C. When the reaction temperature
was higher than 80 °C, the performance of the synthetic oc-
culant decreased due to the hydrolysis and precipitation of
Fe3+ and Al3+ in the solution.42

3.2.4 Effect of reaction time. As shown in Fig. 4C, the
removal ability of PAFAC on the turbidity of kaolin wastewater
increased rapidly when the reaction time increased. The
results indicated that the reaction rate was faster in the pre-
reaction stage. At the reaction time of 3.0 h, the residual
turbidity decreased to 33.92 NTU and the removal rate
increased to 96.46%. The reaction time extended from 3.0 h to
5.0 h, and the removal ability of PAFAC on the turbidity of
kaolin wastewater decreased slowly, which demonstrated that
the hydroxyl group would continue to react with Fe3+ and Al3+

and form the precipitation, reducing the occulation
efficiency.21
Table 2 Component analysis of CGCS by XRF

Samples

Component analysis

SiO2 Fe2O3 Al2O3 CaO Na2O

Content (%) 42.95 15.26 16.47 17.26 2.52

Table 3 Component analysis of PAFAC by XRF

Samples

Component analysis

Fe Al Ca Si

Content (%) 13.95 7.58 11.79 5.89

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3 Characterization of PAFAC

Tables 2 and 3 are the component analysis results of CGCS and
PAFAC by XRF, respectively. As depicted in Table 2, it could be
seen that CGCS was mainly composed of SiO2, Fe2O3, Al2O3, and
CaO. The results revealed that CGCS had the effective ingredi-
ents for occulant preparation.

Table 3 showed that PAFAC was a polyionic composite oc-
culant including Fe, Al, and Ca. The existence of Na came from
NaOH that was utilized to adjust pH during the preparation
process and formed NaCl crystal with Cl− of HCl, which is also
presented in the XRD patterns of Fig. 5A. According to Tables 2
and 3, the metal elements in the CGCS had been leached out by
HCl solution and HAc solution effectively.

In Fig. 5A, only the diffraction peak of NaCl was observed
when the volume ratio was in the range from 5 : 1 to 3 : 2. The
results revealed that PAFAC might be a kind of amorphous
polymer. With the further increase of the HAc-leaching liquor,
namely the volume ratio reached 1 : 1 and 2 : 3, it was found that
some stray peaks appeared in the range of 10°–30°, which
indicated that the addition of too much HAc leaching liquor
would lead to the precipitation of some crystalline salts and
thus reduce the occulation efficiency. The result was in good
agreement with the results described in Fig. 3.

FT-IR spectra of PAFAC with different volume ratios were
demonstrated in Fig. 5B. The bands at 3400 cm−1 and
1628 cm−1 could attributed to the OH− vibration of Al–OH,
Fe–OH and H–OH.43 The peaks intensity reached the
maximum at the volume ratio of 3 : 2. The results suggested
that the amount of ligand water of Al–Fe hydroxylated
copolymers in PAFAC reached the maximum, the strongest
bonding interactions with the central ions aer trans-
formation into structured water, which was one of the reasons
why PAFAC achieved the best occulation efficiency at a ratio
of 3 : 2.44 A weaker characteristic peak at 920–1068 cm−1 might
be assigned to the stretching vibration of Fe–O–Fe and Al–O–
Al bonds.45 The bands of 478 cm−1–515 cm−1 could be the
bending vibrations of Fe–O and Al–O.46 The appearance of the
characteristic peak at 1473 cm−1 could be due to the asym-
metric scaling of the carboxylate group (–COO−). The intensity
of this peak increased signicantly with the increase of HAc-
SO3 TiO2 K2O MgO BaO Others

1.65 1.11 0.97 0.58 0.26 0.97

K Mg Ti Na Cl Others

1.21 0.74 0.39 14.24 42.08 2.13

RSC Adv., 2024, 14, 2705–2719 | 2711
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Fig. 5 Characterization of PAFAC. (A) XRD, (B) FTIR.
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leaching liquor compared to that occurred at the volume
ratios of 5 : 1 and 3 : 1, proving that it was associated with –

COO−. The characteristic peak appeared at 1408 cm−1 when
the ratio was 3 : 2–2 : 3, which was attributed to the coordi-
nation interactions between the metal ions and –COO−

groups in PAFAC.47 Overall, the intensity of the characteristic
peaks of PAFAC was signicantly stronger at the volume ratio
of 3 : 2 than those of the other ratios, which indicated that
a suitable complex ratio could increase the degree of poly-
merization of PAFAC.30
Fig. 6 Effectiveness in treating pollutants in various water bodies. (A) Do

2712 | RSC Adv., 2024, 14, 2705–2719
3.4 Performance of PAFAC on real wastewater treatment

3.4.1 Dosage effect of PAFAC on occulation efficiency. In
Fig. 6A, it could be seen that the highest treatment efficiency of
turbidity, COD and TP occurred at the dosage of 250 mg L−1,
which resulted in 89.62% removal of turbidity, 58.95% of COD,
and 76.76% of TP. However, it could be seen that the removal of
NH3–N was less than 10% at any dosage. These results might be
attributed that most of the ammonium salts in domestic sewage
were in water-soluble form, and occulants mainly played
mestic sewage, (B) river water, (C) aquaculture wastewater.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a great role in the removal of suspended and colloidal particles,
so the removal of NH3–N from domestic sewage by PAFAC was
extremely low. Whereas PAFAC showed great treatment effi-
ciency for removing turbidity, COD and TP in domestic sewage.

As shown in Fig. 6B, the optimal treatment efficiency
occurred at a 300 mg L−1 dosage. However, the improvement of
the removal efficiency was not signicant compared with that at
250 mg L−1. Considering the cost-effectiveness, the optimal
dosage of PAFAC was selected as 250 mg L−1.

As shown in Fig. 6C, the removal rate of pollutants basi-
cally reached the maximum at the dosage of 10 g L−1, the
removal of turbidity was of 76.89%, COD of 45.09%, NH3–N of
47.76% and TP of 83.02%. The results indicated that the
removal capacity of NH3–N by PAFAC was improved, which
could be attributed that the physicochemical properties of
aquaculture wastewater were different from those of domestic
sewage and riverwater, and some of the NH3–N presented in
aquaculture wastewater might be the form of particles or
colloids, so PAFAC was much more effective in treating NH3–N
in aquaculture wastewater than that of domestic sewage and
riverwater.

3.4.2 Comparison of the occulation efficiency. Fig. 7
showed the occulation efficiency of PAFAC, occulant A
Fig. 7 Comparison of the treatment efficiency.

Table 4 Comparison of the treatment efficiency

Types of occulants C0 (NTU) C1 (NT

PSBFZ-Fe3O4 (ref. 49) 20–25 0.8–1.0
Coagulant-3.0 (ref. 21) 2104 42.08
Al–P50 707 8.48
YCW-PAC51 100 2.0
CMCNa52 33 2.31
XCTS53 200 28.20
XG-Fe(III)54 3247 31.5
PSTF55 700 33.60
PAFAC 958.40 28.66

© 2024 The Author(s). Published by the Royal Society of Chemistry
(prepared from the HCl-leaching liquor) and occulant B
(prepared from HAc-leaching liquor) on domestic sewage. It
was found that PAFAC had a better removal effect than those
of occulant A and occulant B, and the removal efficiency
of turbidity, COD and TP, which was up to 91.42%, 59.94%
and 78.77%, respectively. The results further revealed that
the two-step acid leaching process was more effective than
the one-step acid leaching process. It was found that the
introduction of CH3COO− played a signicant role in
promoting molecular weight, improving the occulation
efficiency.48

Furthermore, the treatment efficiency of turbidity of PAFAC
was compared with other occulants reported in the previous
research.21,49–55 As shown in Table 4, it could be found that
PAFAC was feasible for the synthesis of occulant, which
showed good performance for the removal of turbidity.
4. Investigations on mechanisms
4.1 Acid leaching kinetics

The results of acid leaching kinetics were investigated in
Fig. 8 and Table 5. From Fig. 8A and B, it could be seen that “1−
(1 − x)1/3” and “1 − 3(1 − x)2/3 + 2(1 − x)” had a good linear
relationship with “t” in the acid leaching process of HCl and
HAc in the range of 0.5 h–2.5 h. The tted R2 of the two kinetic
equations corresponding to HCl-acid leaching were 0.83 and
0.85, and the tted R2 of the two kinetic equations corre-
sponding to HAc-acid leaching were 0.90 and 0.93, respectively.
However, since the leaching rate was maximized at 1.5 h for
HCl-acid leaching and at 2.0 h for HAc-acid leaching, the H+ in
the acid was fully utilized, and the reaction was complete. The
following reasons could explain the above phenomenon: with
the extension of the reaction time, the acid leaching liquor had
a tendency to polymerize, and the colloidal substance produced
by polymerization adhered to the surface of CGCS, affecting the
diffusion of the acid and its contact with CGCS, and the acid
soak activity was not effectively carried out in the subsequent
time range.21 To further reveal the acid leaching kinetics, the
model of “1 − (1 − x)1/3” and “1 − 3(1 − x)2/3 + 2(1 − x)” versus
“t” during HCl-acid leaching in the range of 0.1 h to 1.5 h, and
“1 − (1 − x)1/3” and “1 − 3(1 − x)2/3 + 2(1 − x)” versus “t” during
HAc-acid leaching in the range of 0.25 h to 2.0 h were investi-
gated, respectively (Fig. 8C and D). It could be seen that both “1
U) Dosage (mg L−1) Removal rate (%)

300 96.00
100 98.00
14 98.80

300 98.00
100 93.00
90 85.90
20 99.03
45 98.20
20 97.01

RSC Adv., 2024, 14, 2705–2719 | 2713
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Table 5 Rate constants of kinetics models and correlation coefficients
in the acid leaching process

Types of
acids

Kinetics model and the relative parameters

Surface chemical reaction
Diffusion through the
product layer

1 − (1 − x)1/3 1 − 3(1 − x)2/3 + 2(1 − x)

K1 R2 K2 R2

A: HCl 6.725 × 10−2 0.83388 10.096 × 10−2 0.84845
B: HAc 3.306 × 10−2 0.90246 2.544 × 10−2 0.9326
C: HCl 18.058 × 10−2 0.98402 24.423 × 10−2 0.98897
D: HAc 6.231 × 10−2 0.9764 4.211 × 10−2 0.99453

Fig. 8 Acid leaching kinetics. (A and C) Linear relationship between “1− (1− x)1/3” and t, (B and D) linear relationship between “1− 3(1− x)2/3 + 2(1
− x)” and “t”.
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− (1 − x)1/3” and “1 − 3(1 − x)2/3 + 2(1 − x)” had a highly linear
relationship with “t”, and the R2 of bothmodels for the HCl-acid
leaching were more than 0.98, and which of HAc-acid leaching
also reached 0.97 and 0.99, respectively. The results showed that
the unreacted shrinkage core model was in good agreement
with the acid leaching process, and the acid leaching process
involved both surface chemical reaction and loose layer
diffusion.32

To further investigate the acid leaching mechanism, the
SEM images of the original CGCS and its residues aer HCl
and HAc acid leaching were demonstrated in Fig. 9. It was
found that the surface of the original CGCS was covered with
SiO2 microspheres and various metal oxides but few pores
2714 | RSC Adv., 2024, 14, 2705–2719
(Fig. 9A and D). With the time going on, it could be seen that
the surface of the CGCS gradually became rough due to the
opened pores (Fig. 9B and E). Then the acid started to diffuse
into the interior of the pores, react with the metal oxides of
looser layer, leaving the smoother inner surface and larger
pore size (Fig. 9C and F), which played a signicant role in
enhancing the acid leaching efficiency. The results were in
good agreement with surface chemical reaction and loose
layer diffusion, greatly supporting the mechanisms of acid
leaching.
4.2 Flocculation mechanism of PAFAC

The occulation mechanism of PAFAC includes electric
neutralization, adsorption bridging and precipitation net trap-
ping. Fig. 14 is a schematic diagram of the overall occulation
mechanism of PAFAC.

4.2.1 Charge neutralization. Fig. 10 showed the effect of
PAFAC dosage on the zeta potential of domestic sewage aer
occulation. It could be attributed that zeta potential gradu-
ally decreased with the increase of the dosage, which indicated
that charge neutralization played a role in the occulation
process of PAFAC. It could be deduced that PAFAC might
hydrolyze and bring positive ions with the increase in the
amount of dosage and produce electrostatic attraction with
the negative charge on the surface of the colloidal particles,
making the colloidal surface potential decrease, and colloidal
particles in the electrostatic attraction of the cohesion in the
continuous destabilization of sinking.50,56 However, at the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEM of the original CGCS and CGCS in the process of acid leaching. (A and D) Original CGCS with magnification of 3000× and 10 000×;
(B and C) HCl-acid leaching for 0.5 h and 1.5 h with magnification of 3000×; (E and F) HAc-acid leaching for 1.0 h and 2.0 h with magnification of
3000×.

Fig. 10 PAFAC dosage effect on zeta potential of domestic sewage.
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dosage of 250 mg L−1, the zeta potential had not yet reached
the zero point. Then continued to increase the dosage to
300 mg L−1, the zeta potential began to increase and the
occulation efficiency of turbidity, COD and TP of domestic
sewage was basically unchanged and only a weak trend to
increase, all of which indicated that other occulation mech-
anisms might also play an important role in the occulation
process.56,57

4.2.2 Adsorption bridging. From Fig. 11A, it could be seen
that occulant A had abundant pores with a large specic
surface area, which was conducive to the adsorption bridging
effect of the occulant on the colloid and suspended
matter.58 However, its looser structure had some limitations
on the occulation efficiency. As shown in Fig. 11B, it was
found that occulant B had the morphology of bars and
© 2024 The Author(s). Published by the Royal Society of Chemistry
branch chains, and the structure could enhance the ability of
adsorption and net trapping, which was conducive to the
sedimentation of ocs. Moreover, Fig. 11C and D further
revealed that PAFAC had a tight and complex gel network
structure, which possessed the pore structure of occulant A
of tiny pores and the branch structure of occulant B of
interlaced branch chains, forming a compact and complex
gel network structure of PAFAC and contributing to the direct
bridging of colloidal particles and ocs.59 Fig. 11E and F was
the EDS elemental mapping diagram of PAFAC. It can be seen
that elements such as Fe and Al are well distributed on the
surface of PAFAC, which is conducive to the full combination
of metal elements such as Fe and Al with pollutants aer
hydrolysis, so as to effectively remove pollutants. In addition,
the surface of PAFAC also had more folds, which resulting in
a coarser surface and larger specic surface area than the
other two occulants, improving the occulation
performance.60

4.2.3 Precipitation net trapping. As could be seen from
Fig. 12, with the increase of the dosage, the architecture of the
oc gradually changed from a loose structure to a compact and
dense one. It was because the polymer extended the branch
chains by adsorption bridging, and then extended the branch
chains around other unabsorbed particles by the long chain
net and sank together, and nally linked the particles together
to form aggregates.61 Therefore, with the less occulant, the
adsorption bridging and precipitation net trapping would not
work, and the aggregates would be loose. When the dosage
increased to 300 mg L−1, there was a tendency for the oc to
change from a compact structure to a loose structure, which
indicated that the excessive dosage would result in an excess of
unneutralized sites and cause the oc surface to become
RSC Adv., 2024, 14, 2705–2719 | 2715
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Fig. 11 SEM image of (A) flocculant A with magnification of 5000×; (B) flocculant B with magnification of 5000×; (C and D) PAFAC with
magnification of 5000×; (E and F) EDS elemental mapping of PAFAC.

Fig. 12 Optical microscope images of flocs. (A), (B), (C), (D), (E) and (F) are the images at dosages of 50, 100, 150, 200, 250 and 300 mg L−1,
respectively.
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negatively charged again and produce a repulsive force, thus
weaken the effect of charge neutralization.62 However,
according to the experiment, the occulation effect was not
2716 | RSC Adv., 2024, 14, 2705–2719
weakened when the dosage was 300 mg L−1, which indicated
that both adsorption bridging and precipitation net trapping
played an important role in the occulation process of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Effect of wastewater pH on flocculation efficiency.
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PAFAC.63 The ocs aer occulation showed a oc cross-
linking structure, which further also indicated that the pres-
ence of adsorption bridging and precipitation net trapping
causes the particles to interact with each other and eventually
agglomerate and sink.50

In addition, the effect of pH was investigated to further
reveal the treatment efficiency of turbidity, COD and TP. As
shown in Fig. 13, the good removal effect at pH 3.0 was
attributed that metal ions (Al3+, Fe3+, Ca2+, etc.) of PAFAC
were hydrolyzed into mononuclear and polynuclear hydroxyl
complex ions under the strong acid environment, which
adsorbed suspended colloidal particles in the system and
rapidly aggregate to form large and dense ocs.21,64 At pH 7.0,
the occulation performance was mainly based on
Fig. 14 The schematic diagram of flocculation mechanism of PAFAC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorption bridging, supplemented by charge neutraliza-
tion, and in this way, the occulant also possessed good
removal performance.65 However, at pH 5.0, charge neutral-
ization was not as strong as strong acid conditions, and
adsorption bridging was not as strong as neutral conditions,
resulting a weaker occulation performance.66 When the pH
was increased to 9.0, the removal efficiency of the occulant
on turbidity and COD decreased sharply to 84.95% and
45.47%. This was because the rate and degree of hydrolysis of
Fe3+ and Al3+ was intensied in an alkaline environment,
which tended to form Fe(OH)3 and Al(OH)3 precipitates, thus
weakening the performance of PAFAC and led to a signicant
decrease in occulation effect.67 When the pH was increased
to 11.0, OH− increased, and some pollutants in domestic
sewage would react with OH− to form precipitation, which
made it easier for the pollutants to settle through precipi-
tation net trapping with PAFAC. However, at pH 11.0, the
removal rate of COD did not increase as signicantly as that
of turbidity due to the hydrolysis of Fe3+ and Al3+ further
aggravated in the strong alkali environment, which weak-
ened the occulant performance and decreased the effi-
ciency of COD removal.

It was found that the removal efficiency of TP improved with
the increase of pH, which reached its maximum of 81.84% at
pH 9.0. The results indicated that PO4

3− in solution would
exchange ligands with the –OH/–OH2 groups of Al and Fe to
form AlPO4 and FePO4 precipitates or similar Al–P and Fe–P
compounds in neutral and partially neutral environments,
which is conducive to the removal of PO4

3−.68 The removal
efficiency of TP was weak at pH 3.0 and 11.0 because the
phosphate might dissolve under strongly acidic or alkaline
environments.69
RSC Adv., 2024, 14, 2705–2719 | 2717
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5 Conclusion

In the work, a novel two-step acid leaching process was initiated
for the synthesis of occulants based on the reutilization of
CGCS, and the acid leaching kinetics and occulation mecha-
nisms were investigated. The unique strategy of work lies in
overcoming the limitation of acid leaching efficiency,
improving the occulation structure and performance. The
following conclusions could be achieved.

(1) The optimum conditions for CGCS in HCl-acid leach-
ing were as follows: concentration of 3.0 mol L−1, acid
leaching temperature of 40 °C, acid leaching time of 1.5 h,
and liquid–solid ratio of 15 : 1. The optimum conditions for
CGCS in HAc-acid leaching were as follows: concentration of
5.0 mol L−1, acid leaching temperature of 40 °C, acid
leaching time of 2.0 h, and liquid–solid ratio of 15 : 1.
The optimum leaching of CGCS by HCl solution was 85.76%,
and the optimum leaching of CGCS by HAc solution was
44.32%.

(2) The optimal preparation conditions of PAFAC were as
follows: the volume ratio was 3 : 2, the polymerization pH was
3.5, the reaction temperature was 70 °C, and the reaction time
was 3.0 h. Based on the XRF, XRD, FT-IR, and SEM character-
ization of PAFAC, it could be concluded that PAFAC was a kind
of amorphous polymer containing Al, Fe, and Ca with a close gel
network structure.

(3) PAFAC showed good performance in the treatment of
domestic sewage, riverwater and aquaculture wastewater.
Especially in the treatment of domestic sewage, PAFAC had
excellent performance in the removal of turbidity, COD, and TP
compared with that of occulant A and B, which were only
prepared by HCl and HAc, respectively.

(4) The acid leaching kinetics revealed that the acid leaching
process of both acids coincided with both equations of the
unreacted shrinkage core model and that both involved surface
chemical reaction and loose layer diffusion. Moreover, the
occulation mechanisms demonstrated that charge neutrali-
zation, adsorption bridging dominated the occulation process
and precipitation net trapping played simultaneous roles in the
occulation.

The work has developed a new method for the safe
disposal of CGCS and provides a novel way for the prepara-
tion of Fe–Al composite occulants, especially, offering
a potential strategy for the promotion of the additional value
of the coal chemical industry. In addition, due to its good
occulation performance, PAFAC is expected to be a feasible
pathway to treat coal gasication wastewater, coal chemical
wastewater and mine wastewater associated with the acti-
vated sludge process.
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